Abstract: Improved vaccine-mediated protection against HIV-1 requires a thorough understanding of the mode of HIV-1 transmission and how various immune responses control transmission.
Introduction
Immune-based prophylactics and/or vaccines are urgently needed to slow the spread of new HIV-1 infections. An ideal goal of such interventions is the establishment of antibodies that potently neutralize broad arrays of viral isolates, which are termed broadly neutralizing antibodies (bnAbs) [1] . Many bnAbs have now been isolated from HIV-1-infected donors [2] . BnAbs target several key vulnerable regions of the HIV-1 envelope, including the CD4 binding site [3] , membrane proximal external region [4] , trimer apex [5] , gp120-gp41 interface [6] , and high-mannose patch [7] . As well as neutralizing HIV-1 in vitro, bnAbs inhibit HIV-1 infection in mucosal explants [8] . Importantly, systemic or mucosal passive immunization of macaques with bnAbs protects against in vivo cell-free simian/human immunodeficiency virus (SHIV) challenges [9] [10] [11] [12] [13] [14] [15] . BnAbs also show potent efficacy as therapeutics, reducing SHIV viremia in macaques and HIV-1 viremia in humans [16, 17] . However, it is important to note that immune escape can evolve to therapeutically administered bnAbs [17] .
The success of bnAb passive immunization in animal models has motivated attempts to passively establish these antibodies in humans at risk of HIV-1 infection. Currently, two ongoing clinical trials (NCT02568215 and NCT02716675) are assessing the efficacy of a passively administered CD4 binding site bnAb, VRC01, to prevent HIV-1 acquisition in high-risk participants [18] . Additionally, there is much desire to design vaccine constructs that are capable of eliciting bnAb production in vaccine recipients. While attempts to induce bnAbs through immunization have not generated successful outcomes, there is hope that sequential immunization protocols might slowly shape bnAb precursors into potent neutralizing antibodies and reveal a path forward for inducing bnAbs by vaccination [19] . In the absence of vaccines that successfully elicit bnAbs, gene transfer using adeno-associated virus (AAV) vectors could represent a means of establishing these antibodies in individuals at risk of HIV-1 infection [20] [21] [22] .
A potential impediment to the utility of bnAbs for preventing HIV-1 infection is the existence of HIV-1 as cell-associated virus (CAV) within infectious body fluids [23, 24] . CAV is highly infectious in vitro [25] and in vivo [26] . Furthermore, semen-derived CAV is responsible for at least a proportion of new HIV-1 infections [27] . Early research into preventing infection following exposure to CAV assessed the protective capacity of antiviral T cells. An immunization study in macaques revealed that T cell immunity can confer protection from CAV exposure, but only in animals with a matched MHC-I allele [28] . Antibody-based immunity overcomes the issue of mismatched MHC-I between recipients of HIV-1 vaccines and the donors of HIV-1-infected CAV. However, implementing bnAbs to prevent HIV-1 infection following exposure to CAV is not without caveats. Importantly, much in vitro evidence suggests that CAV can evade neutralization by some bnAbs and/or is neutralized only with higher concentrations of bnAb [29] [30] [31] [32] [33] [34] [35] , although the significance of these observations is understudied in animal models. We recently determined that the PGT121 bnAb provides macaques with partial protection from intravenous cell-associated SHIV challenge, and full protection from intravenous cell-free SHIV challenge [36] . Further studies will likely be highly informative for designing vaccines and/or immune-based prophylactics that are capable of robustly preventing infection with both cell-free virus and CAV.
This manuscript reviews the evidence of CAV involvement in viral transmission, as well as the capacity of CAV to evade antibody neutralization. We discuss non-human primate models of CAV transmission and their utility for assessing bnAb-based prevention of infection. Lastly, we examine opportunities for future research that will drive the optimization of bnAb prevention of CAV transmission, leading to the development of strategies to prevent infection by both cell-associated and cell-free virus.
The "Trojan Horse" Hypothesis: Evidence for HIV-1 Transmission by CAV
Anderson and Yunis (1983) first proposed the hypothesis that a cell-associated pathogen contributes to the etiology of AIDS in 1983 [37] . This was a remarkably prescient publication, given that HIV-1 had not yet been defined as the causative agent of AIDS. The possibility of HIV-1 transmitting as CAV was later promoted by Levy (1988) in the context of CAV representing the principle means of transmission for several retroviruses, including human T cell leukemia virus, bovine leukemia virus, and Visna virus [38] . More recent discussions of the "Trojan horse" hypothesis have highlighted the accumulation of data from in vitro and ex vivo experiments, in vivo animal models, and human clinical studies that support a role for CAV in HIV-1 transmission [39] [40] [41] [42] [43] . Indeed, it is now clear that cell-associated HIV-1 transmits between cells, and is likely responsible for at least a proportion of new HIV-1 infections.
Much in vitro research has demonstrated that the transmission of HIV-1 between infected donor cells and uninfected target cells occurs across intercellular contact areas that are termed virological synapses (VS). The details of the VS, including the cell surface proteins involved and the involvement of the actin cytoskeleton in facilitating cell-to-cell transmission, have been reviewed elsewhere [44, 45] . The characteristics of VS have been described between infected and uninfected T cells [46] , as well as infected macrophages and uninfected T cells [30] . In general, the VS depends on the interaction of the HIV-1 envelope from the infected donor cell with CD4 on the uninfected target cell [46] . These interactions are supported by adhesion molecule interactions [47] . Once the VS is established, the virus is released toward the target cell and can establish infection through membrane fusion or endocytosis [45] . Compared with the direct infection of T cells by cell-free virus, HIV-1 transfer across VS is more efficient. Several potential reasons for the increased efficacy of cell-to-cell HIV-1 spread compared with cell-free infection have been discussed [25, 39] , including (i) the proximity of donor and target cells; (ii) the potential for the receptors involved in viral entry to cluster at the site of target/donor cell contact; and (iii) the increased multiplicity of infection present at a VS compared with cell-free spread.
In addition to the transmission of HIV-1 from infected to uninfected cells, HIV-1 can be transmitted by non-infected cells harboring the virus to uninfected target cells. The donor cells for this type of infection include cell types that can gather the virus without necessarily becoming infected, such as dendritic cells. Such donor cells establish a synapse with target cells that is known as an infectious synapse (IS) [44, 48, 49] . The details of this mode of HIV-1 transmission have been reviewed elsewhere [50] .
In a closer approximation of an HIV-1 transmission scenario, the infectiousness of cell-associated SIV and HIV-1 have also been evaluated in colon explant models derived from rhesus macaques and humans, respectively [26] . The results of these experiments not only demonstrated the infectious nature of CAV, but also suggest CAV to be more infectious than free virus. While the treatment of macaque colon explants with one milliliter of plasma from an SIV-infected macaque (corresponding to 2.3 × 10 3 TCID 50 ), serving as a source of cell-free virus, did not establish infection, treatment of explants with one million PBMC from an SIV-infected macaque (corresponding to 1.8 × 10 2 TCID 50 ), as a source of CAV, initiated infection. A similar experiment was also conducted using human colon explants exposed to cell-free HIV-1 or human CD4 + T-cells infected with HIV-1 in vitro. Five days following exposure, explants were digested and analyzed by flow cytometry for HIV-1-infected CD3 + CD8 -T cells. Robust infections were initiated within the colon explants by CAV. Indeed, 27% of CD3 + CD8 -T cells were infected following exposure to a CAV dose corresponding to 3.5 × 10 3 TCID 50 . To obtain a similar level of T cell infection within explants following cell-free virus exposure, a 10 times higher dose of cell-free virus was required. These data not only highlight an increased infectiousness of CAV compared with cell-free virus, but also point to the potential for CAV to contribute to HIV-1 transmission following sexual exposure. Indeed, as the authors highlighted, infected cells applied to mucosal explants can actively migrate across the epithelium and initiate infection.
As reviewed by Anderson (2014) , several studies have also assessed the ability of CAV to establish infections in female genital tract explants [39] . One study demonstrated that both cell-free virus and CAV establish infection across ectocervical explant tissue [51] . Another study demonstrated that semen-derived cells penetrate ectocervical epithelium, but become trapped within mucus at the endocervical surface [52] .
In addition to in vitro and ex vivo data supporting the feasibility of CAV contributing to HIV-1 transmission, several in vivo studies demonstrate the possibility of CAV transmission. Indeed, animal studies in murine and non-human primate models have demonstrated that the administration of CAV by the intravenous, intrarectal, oral, or intravaginal routes can establish systemic infection [26, 36, [53] [54] [55] [56] [57] [58] [59] . Moench (2014) recently reviewed the use of humanized mice for assessing infection following CAV exposure [42] . Early studies of CAV transmission in humanized mice utilized the hu-PBL-SCID model. The hu-PBL-SCID model has been used to demonstrate that HIV-1 CAV can initiate infection following vaginal administration to Depo-Provera-treated animals [58, 59] . Similarly, the humanized BLT mouse model has been utilized to assess the infectiousness of CAV. Oral challenges of BLT mice with CAV initiated infections [57] . Non-human primate models of CAV infection are discussed in more detail later within this review (see section-Non-human primate models of CAV infection).
Lastly, several clinical studies point towards a role for CAV in HIV-1 transmission. Ronen et al. (2015) and Milligan and Overbaugh (2014) recently reviewed the evidence of CAV contributing to human HIV-1 transmission via sexual exposure or mother-to-child transmission [41, 43] . With regards to sexual transmission, Zhu et al. (1996) noted that CAV and cell-free virus within semen were genetically distinct [27] . They assessed the virus in the blood of newly infected individuals from known transmission couples and observed that this virus often most closely resembled the CAV from the semen of the transmitting partner (i.e., three out of five cases). A similar study in men who have sex with men observed that the transmitted virus most closely resembled the cell-free virus from the semen of the transmitting partner in all cases (i.e., 6/6) [60] . Collectively, these results likely reflect a situation where both CAV and cell-free virus contribute to HIV-1 transmission following sexual exposure. Potential means of sexual transmission of CAV, using the female genital tract as a model, are presented in Figure 1 . The transmission of HIV-1 through breastfeeding has been linked to both cell-free virus and CAV within breast milk. Indeed, the presence of CAV within breast milk correlates with transmission [24] . Furthermore, increasing levels of CAV and cell-free virus within breast milk have been tied to increasing risk of infection [61, 62] . Importantly, increased levels of CAV are associated with increased infection risk, even after correcting for cell-free virus [63] . Lastly, there is evidence that CAV contributes to HIV-1 transmission through breastfeeding early postpartum (i.e., first six weeks) but is likely a less important contributor to transmission from six months onward [64] . Similar to HIV-1 transmission following sexual exposure, the collective evidence from studies of HIV-1 transmission through breastfeeding implies that both CAV and cell-free virus are responsible for establishing new infections. 
Does Transmission of HIV-1 as CAV Facilitate Viral Evasion of BnAbs?
A potential ramification of HIV-1 being transmittable as both cell-free virus and CAV is the possibility that free virions and CAV are differentially susceptible to immune-based interventions that are designed to prevent infection. As mentioned earlier, an ideal goal of HIV-1 vaccine development is the induction of antibodies with properties similar to bnAbs. It has been hypothesized that the existence of HIV-1 as CAV might represent a mechanism through which virus can evade antibody-based immunity [40] . Studies assessing the capacity of bnAbs to inhibit cell-to-cell HIV-1 spread have produced conflicting results, with some studies demonstrating bnAbs to inhibit viral spread and others reporting a decreased efficacy of bnAbs to inhibit cell-to-cell spread compared with cell-free infection [25, [29] [30] [31] [32] [33] [34] [35] 65, 66] . These divergent results have largely been attributed to the varied experimental systems applied by different research groups [49] . Despite these mixed results, the weight of evidence suggests that bnAbs exhibit a reduced efficacy against CAV. This is commonly observed as higher 50% inhibitory concentrations (IC 50 ).
The reduced efficacy of bnAb inhibition of CAV compared with cell-free viral spread has been noted in studies assessing cell-to-cell spread across VS between infected and uninfected T cells [31] , as well as those formed between infected macrophages and uninfected T cells [30] . There is great diversity in the ability of bnAbs to inhibit the cell-to-cell spread of HIV-1. This diversity is observed between bnAbs of different specificities [29] , and has been noted to depend on the combination of bnAb and the viral strain being assessed [35] . Furthermore, certain combinations of bnAbs more efficiently inhibit the cell-to-cell spread of HIV-1 than single bnAbs [32] .
In addition to demonstrations of increased IC 50 values for the bnAb inhibition of CAV compared with the cell-free virus, Li et al. (2017) observed that the maximum neutralization of CAV by bnAbs is lower than the maximum neutralization of the cell-free virus [33] . Indeed, the maximum neutralization of cell-free spread by bnAbs was usually over 90%, while the maximum neutralization of CAV at saturating concentrations of bnAbs dropped to as low as 36%. This pattern of incomplete neutralization of cell-to-cell spread of HIV-1 was noted across a range of bnAbs. Furthermore, incomplete neutralization was primarily observed against transmitter/founder viruses compared with lab-adapted strains. The authors suggested that the different maximum neutralization of lab-adapted and transmitter/founder CAV could be due to the presence of different envelope conformations on cells infected with each type of virus.
In addition to cell surface envelope conformations, several other aspects of cell-to-cell spread have been discussed as potential contributors to the blunting of bnAb efficacy against CAV [49] . These factors include the increased MOI of cell-to-cell spread and steric hindrances that prevent bnAbs from accessing their cognate epitopes. The relative role for each of these variables in reducing bnAb efficacy against CAV in in vitro assays remains poorly defined. Lastly, it is important to note that the relevance of in vitro studies demonstrating a reduced efficacy of bnAbs against CAV to the in vivo efficacy of the same bnAbs is an understudied area.
Non-Human Primate Models of CAV Infection
Robust in vivo systems of viral infection are required to assess the effectiveness of putative prophylactic interventions against HIV-1, such as bnAbs. Indeed, non-human primate models of HIV-1 infection utilizing SHIV have been repeatedly employed to assess the capacity of bnAbs to prevent infection following cell-free viral challenge [9] [10] [11] [12] [13] [14] [15] . While most non-human primate models of HIV-1 infection have utilized free virus, there has been some effort to create robust models of infections initiated by exposure to CAV.
Early attempts to initiate infections by exposure to CAV focused on intravenous inoculation with infected cells. Such challenges established SIV infections in rhesus macaques [28, 56] . The efficacy of viral transmission following the intravenous inoculation of CAV is robust, with one study reporting as few as two SIV-infected cells being sufficient to initiate an infection [56] .
In addition to establishing the infectiousness of CAV following intravenous inoculation, effort has been directed toward establishing models of infections initiated by CAV across the mucosal surface at the female reproduction tract. Initial attempts to infect rhesus macaques with SIV by vaginal exposure to CAV were entirely unsuccessful [56] . Furthermore, mucosal challenge of chimpanzees with HIV-1 CAV was only partially successful at establishing infection [53] . More recently, two independent groups demonstrated infection of cynomolgus macaques following vaginal exposure to SIV CAV. Kaizu et al. (2006) reported that repeated exposure to CAV (i.e., 5000-500,000 in vitro infected PBMC) was sufficient to infect all macaques with experimentally induced genital ulceration and a proportion of control macaques lacking genital ulcers [54] . Salle et al. (2010) challenged macaques vaginally with splenocytes derived from two SIV-infected macaques [55] . Challenges with 10 7 splenocytes from the first donor macaque infected three out of three animals. The same challenge dose with splenocytes from the second donor macaque infected one out of two animals. In addition to confirming that vaginal exposure to CAV can establish systemic infection, Salle et al. (2010) traced the migration of the inoculated CAV within challenged animals. Intriguingly, the inoculated cells traversed the vaginal epithelium, and could be identified in proximal and distal lymphoid tissues within one to two days.
Complementing efforts to establish non-human primate models of CAV transmission at the female reproductive tract, SIV infection following rectal challenge with CAV was recently reported in rhesus macaques. Kolodkin-Gal et al. (2013) performed a repeated low-dose rectal challenge with equivalent 92 TCID 50 doses of cell-free virus and CAV in rhesus macaques [26] . Following two challenges, three out of five CAV exposed macaques were infected. None of the four animals exposed to cell-free virus became infected over four challenges. These data indicate that CAV can establish infections rectally, and might be more infectious at this site of exposure than free virions.
An important component of the discussed studies assessing the infectiousness of CAV following vaginal or rectal exposure are the viral inocula. As noted by the authors of these studies [26, 54, 55] , the number of cells, particularly infected cells, that were required to initiate infection following mucosal challenge fell within the range of that expected within the average ejaculate of an HIV-1-infected male. This is a major strength of mucosal CAV models, and adds credence to CAV as a robust means of viral transmission.
Establishment of SHIV Models of CAV Infection and Assessment of BnAb-Conferred Protection
Non-human primate models of SIV CAV infection are an important proof of concept that exposure to CAV initiates infection. Furthermore, these models can serve as tools to evaluate the mechanisms through which CAV establishes infection. However, the assessment of anti-HIV-1 bnAb-conferred protection from infection following CAV exposure requires viruses expressing the HIV-1 envelope, such as SHIV. We recently developed a SHIV-based CAV challenge model in pigtailed macaques [36] . This system was utilized to screen the PGT121 bnAb for its capacity to block infection following CAV exposure.
To establish a macaque SHIV CAV challenge model, we focused on developing a system that consistently established robust infections, making the effects of passively transferred bnAbs on infectivity easy to interpret. To meet this goal, we opted to establish an intravenous challenge system with SHIV SF162P3 CAV. Briefly, a SHIV SF162P3 CAV challenge stock was generated by harvesting the spleen of an acutely SHIV SF162P3 -infected macaque at a time of high plasma viremia and cryopreserving splenocytes. Next, in order to establish the infectiousness of the CAV challenge stock, approximately 25 × 10 6 splenocytes were administered to five animals infused with a human IgG1 isotype control antibody or no antibody. Control animals exhibited high viral loads one week post-challenge, and developed plasma anti-gp41 antibodies three weeks post-challenge. The utilized challenge dose contained approximately 1000 animal infectious doses and 3 × 10 3 viral DNA copies per 1 × 10 6 cells. In contrast to the robust infection observed in control animals, an infusion of 1mg/kg of the PGT121 bnAb conferred partial protection from infection. Complete protection was noted in three PGT121-infused macaques. Two PGT121-infused macaques exhibited a short delay in peak viremia, and one passively immunized animal did not exhibit viremia until eight weeks post-challenge.
The patterns of protection from SHIV SF162P3 CAV observed in PGT121-treated macaques were partly explained by the plasma levels of antibodies recorded in these animals. Indeed, the two animals with the short delay prior to peak viremia had low suboptimal concentrations of plasma PGT121 at the time of challenge. However, the animal exhibiting delayed viremia at eight weeks post-challenge presented similar levels and dynamics of antibody waning as the three animals that were completely protected from CAV challenge. We hypothesized that this animal likely retained a latent virus that remained hidden until PGT121 levels waned, allowing for viral replication and the establishment of a systemic infection.
Our model of SHIV SF162P3 CAV infection of pigtailed macaques revealed two key observations. First, we noted that the PGT121 bnAb can protect animals from infection following CAV exposure. While three out of six animals did become infected despite passive immunization with PGT121, an assessment of plasma levels of PGT121 suggested that this was partly a result of insufficient initial concentrations of antibody or antibody waning. Consistent with in vitro data on CAV neutralization by bnAbs, it may be that higher concentrations of bnAbs are required to protect against CAV [33] . Secondly, our study highlighted the possibility for CAV challenge to establish 'occult' infections that remain hidden until protective immunity wanes to suboptimal levels. Similar observations have been made in animals exposed to high-dose cell-free virus following treatment with antiretroviral therapy-based pre-exposure prophylactics (PrEP) [67, 68] . Although we are uncertain if the 'occult' infection that we observed in an animal following CAV exposure was a ramification of the high-dose challenge employed, we have recently discussed this observation in detail, and noted the need for clinical trials of PrEP and bnAb-based passive immunization to carefully watch for such cases in HIV-1 exposed humans [69] .
Opportunities to Optimize BnAb Prevention of CAV Transmission
The accumulation of evidence that CAV contributes to HIV-1 transmission highlights the need for strategies to optimize bnAb-mediated protection from infection following CAV exposure. The establishment of non-human primate CAV challenge models provides ideal systems for testing such strategies. In addition to experiments in non-human primate CAV challenge models, attempts to optimize bnAb-conferred protection from infection following CAV exposure will benefit from complimentary in vitro assays.
As discussed earlier, numerous independent research groups have attempted to design in vitro experimental systems to assess the capacity of bnAbs to inhibit CAV [25, [29] [30] [31] [32] [33] [34] [35] 65, 66] . These experimental systems are highly variable in terms of the viruses utilized, as well as the target and donor cells employed. Further variability between these experimental systems has been introduced in how the authors have attempted to distinguish infections resulting from cell-free virus and CAV. Likely resulting from this high degree of experimental variation, attempts to assess the capacity of bnAbs to inhibit CAV have produced divergent results. At present, there is little evidence regarding which in vitro results most closely reflect the capacity of bnAbs to prevent infection following in vivo CAV exposure. As such, there is a need for a systematic study of in vitro assays of bnAb inhibition of cell-to-cell virus spread conducted in parallel with bnAb passive immunization studies in non-human primate CAV challenge models. These experiments will be important for validating which in vitro assay(s) can predict the capacity of bnAbs to prevent infection following CAV exposure in vivo.
In addition to establishing in vitro assays that accurately predict the capacity of BnAbs to inhibit cell-to-cell viral spread in vivo, there is a need to refine in vivo non-human primate CAV challenge models to more closely reflect common routes of HIV-1 transmission between humans. This would involve designing mucosal models of SHIV CAV challenge, which utilize infected cell types reflective of those found in mucosal secretions. Establishing such models might be facilitated by the observation that infected macrophages and CD4 + T cells are present in cynomolgus macaque semen following SIV infection [70] . Such cells could be applied to mucosal sites, including the rectum and vagina, to attempt to initiate new infections. This could be attempted with doses reflecting naturally occurring cell numbers, or the cells could be pooled from several ejaculates and used in a high-dose challenge system. Creating large pools of semen-derived leukocytes provides a means of overcoming potential differences in provirus content between ejaculates.
Another means of improving non-human primate CAV challenge models to more closely reflect HIV-1 transmission between humans is to utilize SHIV that express envelopes from transmitter/founder HIV-1 strains. The most commonly utilized SHIV express envelopes from viruses derived from chronically infected donors. Envelopes from viruses isolated during chronic infection may not accurately portray the role that transmitter/founder envelopes play in establishing infection. In terms of CAV, transmitter/founder viruses are potentially highly significant, as these HIV-1 strains are incompletely neutralized by bnAbs [33] . Recently, SHIV expressing transmitter/founder virus envelopes have been discussed [71, 72] . These viruses are ideal for implementation in non-human primate CAV challenge models.
Lastly, non-human primate CAV challenge models are ideal for identifying the features of bnAbs that are required for optimal protection from infection. Indeed, these models can serve to identify if certain bnAb specificities are more ideal than others for preventing infection following CAV exposure, if combinations of bnAbs can provide more robust protection than single antibodies, and/or if bnAbs require the capacity to mediate non-neutralizing Fc-dependent functions to protect against infection. Given that Fc-dependent functions have been shown to be important for bnAb-conferred protection from cell-free virus in non-human primates and preventing virus entry in murine models [10, 73] , it seems likely that these functions might contribute to protection from CAV. Following exposure to CAV, there is a need to eliminate the infected cells within the inoculum, as well as any autologous cells that become infected. An infection of autologous cells following cell-free virus exposure has been noted to occur despite passive immunization with the PGT121 bnAb [74] . This phenomenon is likely to occur at a significantly higher magnitude in animals exposed to CAV, as CAV might be incompletely neutralized [33] . As such, we predict that bnAb-conferred protection from infection following CAV exposure involves Fc-dependent antibody functions. Improving the Fc-dependent functions of bnAbs may improve their capacity to protect against CAV. Improving the capacity of the CD4 binding site bnAb b12 to trigger ADCC did not improve protection from cell-free virus [75] . However, we suggest that bnAbs with improved Fc functions should be revisited for studies assessing protection from CAV, given its cell-based nature.
Conclusions
Many retroviruses can be transmitted from cell to cell, and HIV-1, SIV, and chimeric SHIV are also readily transmitted as CAV. Immune-based protection from CAV, particularly by neutralizing antibodies, may be more difficult to achieve than immune-based protection from cell-free virus. This has major implications for the rational design of vaccine strategies to combat HIV-1. We speculate that the dose and Fc-mediated functions of bnAbs can be optimized to improve the protective efficacy of bnAbs against cell-associated HIV-1.
